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Abstract. The local microstructure and distribution of thermally induced residual strains in 
ferrite matrix grains around an individual spherical graphite nodule in ductile cast iron (DCI) 
were measured using a synchrotron X-ray micro-diffraction technique. It is found that the 
matrix grains are deformed, containing dislocations and dislocation boundaries. Each of the 
residual strain components in the matrix grains exhibits a complex pattern along the 
circumferential direction of the nodule. Along the radial direction of the nodule, strain 
gradients from the interface to the grain interior are seen for some strain components, but only 
in some matrix grains. The observed residual strain patterns have been analysed by finite 
element modelling, and a comparison between the simulation and experiments is given. The 
present study of local residual stress by both experimental characterization and simulation 
provide much needed information for understanding the mechanical properties of DCI, and 
represent an important contribution for the microstructural design of new DCI materials.   
1.  Introduction 
The mechanical properties of cast iron depend strongly on the microscopic morphology and 
distribution of the graphite particles present in the iron matrix. It is well known that spherical graphite 
nodules in ductile cast iron (DCI) result in better impact and fatigue resistance than graphite flakes in 
grey iron. Even within the DCI family, the mechanical properties are related directly to the nodularity 
of the graphite particles [1]. It is suggested that whereas sharp graphite flakes create stress 
concentration points within the metal matrix, rounded nodules reduce stress concentration and inhibit 
the creation of cracks [2], thereby enhancing the mechanical properties. To understand this effect and 
to design new DCI with improved fracture toughness and fatigue life, it is important to obtain 
information about the local stress in the matrix grains around individual graphite nodules.  
Recently, the thermal residual strain/stress in a metal mold DCI sample has been measured using a 
novel synchrotron X-ray technique. It has been found that a compressive residual elastic stress with a 
maximum of ~180 MPa is present near the graphite nodules, extending into the matrix to a distance of 
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about 20 µm, where the elastic stress is near zero [3]. However, only one strain/stress component in 
one matrix grain around each nodule is reported in [3].  
Following this previous research, the local strain tensors for several matrix grains around one 
graphite nodule in DCI are studied using synchrotron X-ray micro-diffraction. DCI with ferrite matrix 
and used broadly in modern industry was chosen for the study. The aim is to quantify the pattern of the 
local residual strain/stress in different matrix grains around a selected graphite nodule, and to use a 
finite element modelling [4] to predict the residual stresses in the matrix grains.  
2.  Experimental 
A DCI sample cast in a metal mold was chosen for the study. The sample consists of almost spherical 
graphite nodules and a metal matrix with a relatively homogeneous structure, being mainly ferrite with 
a small fraction of pearlite (~5%). The graphite nodules, with a volume fraction of 11.5% and an 
average size of ~30 µm, are distributed relatively uniformly in the matrix. The ferrite matrix has an 
average grain size of ~30 µm. More information about the sample can be found in [3].  
The synchrotron experiments were performed at beamline 34-ID-E at the Advanced Photon Source, 
Argonne National Laboratory using the white beam Laue micro-diffraction technique [5]. A focused 
microbeam with Lorentzian profile and a full-width half maximum of ~0.5 µm was used. The X-ray 
energies were in the range 7-30 keV. A Pt-wire of 100 µm diameter was used as a differential aperture 
to resolve the white beam Laue diffraction pattern from individual volume elements at different 
depths. The depth-resolved Laue patterns were then indexed for determining the crystallographic 
orientations and the deviatoric elastic strain tensor of the diffracting volume elements. This analysis 
was conducted using the LaueGo software package available at APS beamline 34-ID-E [6]. 
A graphite nodule with a size (equivalent sphere diameter) of ~50 µm was chosen, based on a 
tomographic characterization using a Zeiss Xradia 520 Versa µ-CT system carried out in the home 
laboratory prior to the synchrotron measurements. The detailed scanning position of the synchrotron 
X-rays relative to the selected nodule is sketched in figure 1. 
 
 
Figure 1. Sketch showing a side view of the 
X-ray scanning position relative to the selected 
graphite nodule (GN, shown in black). The 
white line represents the projection of the 
mapping plane illuminated by the incoming X-
rays, which are along the Z direction. The 
laboratory coordinate system (X, Y, Z) and 
sample coordinate system (X, H, F) are 
defined. 
3.  Results and discussion 
3.1. Microstructure 
The microstructure in a slice (i.e. a 2D section) cutting through the selected nodule (GN) is shown in 
figure 2. In figure 2a, dislocation boundaries with misorientation angle higher than 0.1° are shown 
together with the crystallographic orientations of the matrix grains. It is found that some of the matrix 
grains are plastically deformed as they contain dislocation boundaries with misorientation angles up to 
1°.  
The number of indexed spots in the depth-resolved pattern for each volume element is shown in 
figure 2b. There is nearly no diffraction signal from the graphite nodule, appearing as “black holes”. In 
the matrix deep bulk volumes appear darker due both to X-ray absorption and plastic deformation. The 
non-indexed volume in the deep region may be pearlite. The volumes close to sample surface also 
appear dark. This is an artifact arising from reconstruction of the depth-resolved diffraction images, 
which creates a positional uncertainty of 2-3 µm at the real sample surface. 
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Figure 3a is a plot of misorientation angle to the first point measured along each of the 5 lines 
marked in figure 2a. The angle increases with increasing distance from the interface. The angle 
increase is almost monotonic, reflecting a strain gradient formed during cooling due to the different 
thermal contraction of the nodule and matrix. The strain gradient is a result of the strain 
accommodation process, leading to the formation of geometrically necessary dislocations (GNDs) [7]. 
The density of these dislocations can be estimated based on the misorientation angle and distance 
using the following equation [8]:  
 𝜌 =  𝐾 𝐷𝑐 ∙ 𝜃𝑐 𝑏⁄⁄ , (1) 
where K is a number typically equal to 3, Dc is the average spacing between dislocation boundaries 
(taken here as the distance between neighboring measurement points), θc is the misorientation angle 
between two neighboring points, and b is the Burgers vector.  
 
  
Figure 2. Microstructures of the DCI around the selected nodule GN characterized using white 
beam micro-diffraction. (a) is colored based on the crystallographic orientations of the matrix 
grains, while (b) is based on the number of indexed spots from the depth-resolved Laue 
diffraction images (see the inserted scale bar). In (a), dislocation boundaries with 
misorientation angles in the range of 0.1 – 1°, 1 – 3°, and > 3° are shown in thin white, thin 
black and thick black lines, respectively. The colors of the matrix grains correspond to the 
crystallographic orientation along the sample normal direction in the sample coordinate system 
(F direction in the XHF system in figure 1). Five numbered arrows mark places and directions 
of the misorientation analysis and quantification of dislocation density shown in figure 3.  
The GND density as a function of distance from nodule/matrix interface along the 5 lines is shown 
in figure 3b. Despite large variations in the plot, the general tendency is that the GND density 
decreases within the first 5-7 µm from the interface. The increase of GND density at distances of 10-
20 µm from the interface may be related to the influence of other nodules, damage during surface 
polishing and/or pearlite structures. The average accommodation strain within the first 5-7 µm from 
the interface corresponds to a dislocation density of GNDs of ~4 × 10
12
 m
-2
.  
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Figure 3. (a) Misorientation angles to the first point and (b) GND density estimated based 
on the misorientation between neighboring points along the 5 lines marked in figure 2. 
3.2. Residual elastic strains 
The deviatoric strain components, which represent the shape change of the crystal lattice, were 
determined based on the indexed depth-resolved Laue diffraction patterns. The resulting strain 
component maps for the matrix grains around nodule GN are shown in figure 4. The strains were 
determined in the sample coordinate system (i.e. XHF system in figure 1). As discussed in Refs. [9], 
dislocation boundaries in the matrix grains result in spot streaking in the Laue diffraction patterns and 
in turn exaggerate severely the deviatoric strains. Therefore, in the present study, only parts of a few 
grains (see figure 4) are included in the strain calculation. These parts of the grains have internal 
misorientation angle < 0.05°, implying that the effect of stored dislocations on spot streaking is 
limited, and the calculated strains are therefore trustworthy [3].  
 
 
 
Figure 4. Strain maps colored according to the deviatoric strain components for the grains 
around nodule GN. Numbers are used to identify individual grains.  
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The strain patterns for the different strain components are quite different. When inspecting grains 
circumferentially around the nodule, the ε11 strains change gradually from mainly tensile in the bottom 
grain 3 to mainly compressive in grain 5. The opposite trend is seen for ε33. Mainly compressive ε22 
strains are seen for all 4 grains. For the shear strain components, the sense of ε13 changes from grain 2 
to grains 3-5. The opposite trend is seen for ε23. The majority of the ε12 strain has negative value, while 
the ε12 strain in grain 4 and 5 are close to zero. 
Along the nodule radial directions, the strain pattern are rather complex. Strain gradients from the 
interface to the grain interior are seen for some strain components within some parts of the grains. For 
example, the magnitude of ε11 and ε33 in grains 3 and 5 decreases, while the magnitude of the 
compressive ε22 strain increases in grain 3 and in parts of grains 2, 4 and 5. In grain 4, the strain 
gradients for most of the strain components are less pronounced.  
3.3. Finite element modelling 
To understand the complex pattern of the residual strains seen in figure 4, a 3D finite element model 
of residual elastic strain, developed and presented in a previous publication [5], is used to calculate the 
residual stress/strain distribution. In this model, a graphite volume fraction of 11.5 % is used. Detailed 
parameters for the model can be found elsewhere [3,5].  
The predicted stress maps on an X-Z section equivalent to that marked by white line in figure 1 are 
shown in figure 5. The predicted stress patterns are quite different for different stress components. 
However, symmetrical distributions with respect to the vertical Z axis or horizontal X axis or both 
axes can be seen for all the stress components. Due to the lack of experimental data, this symmetry 
cannot be examined for the experimental results.  
By comparing the simulated stress pattern with the experimental pattern, some agreements are 
found. For example, for the ε11 strain component, changes from tensile at the bottom of the nodule 
gradually to compressive at the right side of the nodule along the nodule circumferential direction are 
seen both in the experimental and simulated strain pattern. Similar agreement is found for the ε33 strain 
component. For the ε12 component, negative and close to zero strains is seen both for the grains 4 and 5 
in the experimental data and for the simulated results at the same locations. Similarly, negative ε23 
strains for grains 3 and 4 agree with the predicted strains. However, the predicted ε22 strains, mainly 
tensile at the lower half of the nodule, are completely different from the experimental results. Similar 
disagreement is observed for ε13 component.   
If the strain gradients along the radial direction are considered, the model predicts well-defined 
gradients for all strain components. Compared to the experimental strain gradients for ε11 and ε33 
components, the model captures the gradient direction correctly. In spite of a different strain direction 
between the simulated and experimental results for ε22 component, the gradient direction is the same.  
There could be several reasons for the disagreements between the simulated and experimental 
results. First, in the model the metal matrix is assumed to be elastically isotropic, while multiple grains 
with different crystallographic orientations (see figure 2a) reveal that the matrix is elastically 
anisotropic. Additionally, this orientation difference leads to different deformation behavior between 
grains [10]. Both factors can lead to local strain variations from grain to grain. More importantly, 
experimentally the plastic deformation is not homogeneous even within individual grains, leading to 
local orientation variations (see figures 2a and 3). As plastic deformation can relax the residual elastic 
strain/stress, the inhomogeneous plastic deformation therefore is expected to lead to inhomogeneous 
strain/stress distribution, which can even change the local strain gradients, along both the radial and 
circumferential directions. Secondly, an ideal spherical nodule is used in the model, while in reality 
the nodule is not perfectly spherical, which can lead again to local strain variations from location to 
location along the circumferential direction of the nodule. Thirdly, experimentally the nodule is 
exposed to free sample surface, while in the model the nodule is fully embedded in the bulk. As shown 
in the previous study [3], free surface can lead to reduced magnitude of ε33 strain for the grains at the 
bottom part of the nodule. To fully address how the free surface combined with a non-spherical shape 
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of the nodule affects the strain changes for other strain components, additional simulation work is 
underway.  
    
            Figure 5. Strain maps colored according to the predicted strain components. 
Irrespective of these reasons, a completely different strain direction for the ε22 and ε13 components 
between the experimental and simulated results cannot be understood. This suggest that the thermal 
residual stresses developed due to the difference in thermal expansion coefficients between graphite 
nodule and metal matrix may not be fully described by a simple thermal contraction process as used in 
the present model and other models based on Eshelby’s equivalent inclusion method [11]. Further 
studies are required to clarify this aspect.  
4.  Conclusions 
The synchrotron X-ray micro-diffraction method has been used in the present study to characterize the 
local microstructure and residual strain pattern in matrix grains around a graphite nodule in a ductile 
cast iron sample. To understand the experimentally measured strain pattern, a finite element model has 
been used to calculate the residual stress/strain distribution. The main findings are: 
i) During cooling of DCI, differences in thermal contraction lead to deformation of the iron 
matrix both elastically and plastically. Within a distance of 5-7 µm from the surface of a 
nodule strain gradients are revealed corresponding to storage of geometrically necessary 
dislocations with an estimated density of ~4 × 10
12
 m
-2
.  
ii) Complex strain patterns are seen for all strain components of the matrix grains around the 
nodule. Strain gradients are seen along both the circumferential and radial directions for some 
grains and for some strain components.  
iii) Finite element modelling considering simple thermal contraction processes captures some of 
the experimentally observed strain gradients along the circumferential and radial directions. 
However, disagreement for the ε22 and ε13 components between the predicted and experimental 
results suggests the mechanism for the development of thermal residual stress may be more 
complex than heretofore assumed.  
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